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Vascular aquatic plants have deranscrated their 
ability to remove pollutants fro0 dooiesric and chemical 
~asrewarers Plants such as the vater hyacinth 
Wichhornia crass1 ec). duckueed (Leima rp.. S irodela 
ap., andT&olTt-i-'$-J and catrail 7 ' G h a  s p . & x i n  
nutrlent-rlXGtera kid produce r r e i t x u r  quantlrica 
of bioorilsa =der favorable climatic condttions. This . 
method of wastewater treatment is currently being used 
exclusively a t  NASA'. National S ace Technology Labor.- 
tories (NSTL) 4 t h  uater hyacincpc and duckuecd to treat 
daily over 159 P' of domestic wastevater  ind 114 m' of 
tlBrrnlca1 vastewater in four separate I stems.  The har- 
vested plants from these systems have <,en used in 
varlour biomass utfliration projects over the past five 
{ears. In IaLorsrory batch rtudlcu of digesting varcu- 

ar plant. with anaerobic filters. NASA ha. found that 
140-280 litera mrhane per kg dry ueight can be obtained 
in an rverape of 23 da a Current NASA projects a t  NSTL 
beck Lo expand the reckology required to design ener J 
systems which produce methane through bioconversion ufth 
ariaeroblc filters and use the mineral residue as a 
nutrient source for produclng new biomass. 

The Bclence of treating uaatrwater with a cornbina- 
rlon of microLiologlt.1 and photorynrheric organisms and 
converting the new bioousa i n t o  products which can be 
dlrectly recycled into the environment 1% a rapidly. 
expanding field. me vacer hye-t.,.L. 'F{ -L!.irnia 
crass&ea) duckveed (bmnaceae) -..4 .:-LZ-+Giipurt 
D23rocZyie ranunculoliiG>x imong the floating. 
emrrgenr vsscuiar aquatic plants that are currently 
being used for wastewater treatment <1,2.3). Scudicr 
with rooted. emercent vascular mouetic D l M t S  such A. 

uutcrial from these eystems CM be used as a*rubstrate 
for producing biogas containing an average of 602 
methane b volume. The sludge remaining from this pro- 
Keas can {e recycled into the environment a8 stabilized 
organic fertilizer. 
for an integrated system of wamte treatment by natural 
yroceraes and energy production through bioconversion. 
The major advanrages are: 

Numerous advantagea can be cited 

1. 

2. 

3. 

4. 

5. 

6 .  

7. 

8 .  
9 .  

10. 
J 
11. 

A high degree of w a s t e  treatment 8nd water 
reclamation can be achieved. 
Nutrients are reclaimed from the polluted w a s t e -  
mater  in an environmencally safe form (plant 
biomass). 
The bioconversion process produce. 8 clean fuel - 
me thane. 
The bioconversion processes use renewable sub- 
stracer in the form of fresh plant marerlal. 
Uincral residvc from the bioconversion process 
can be perperually recycled as fertilizer. 
BiocMversion through anaerobic fermentation Is 
a lou temperature and low 
Hethane tan be stored for fater use; whereas 
solar energy cannot be stored efficiently. 
Methane can be used i n  existing hardware. 
Accidental e a k s  from biodigertcrr have no 
adverse or lmg term environmental impact such 
as thore associated with oil spills or nuclear 
accldenfa. 
No by-products are generated which require fur- 
ther treatment andlor perpetual storage. 
Energy farms and biogas productton do nor alter 
the hear balance of the earth. 

rersurc process. 

L'arreuacer Trcatnvnr By Halur.1 Processes 

(NASA) has supported an extcnnive x o t r z =  *r :he r:i:lcnal 
Space Technology Irboratorier (WTLn) to dcvelrp .qui- 
culture vastcwatcr Lreaccenc trchnolrg? a~ =*I: as  CXT;) 
producrion teth2iques which can be usc i  rlone cr :n cc. - 
junction with vasccualer 1rea:Lirn: Tht resul.;, cf :nt 
) :MA rtrcarch in the area oi ac;ulc~::urt havc ttrc- ?d- 
lished in a nu=o).r of rcpcrrs Ir. t r :ef .  ::*E ... ' i' ::*- .-I- 

,jured wazer hyacinths lnto four. e x i ~ Z : r . ~  2 -#if.. ad%tt- 
w~zcr trea!meni lagoon ryr:r=r in so,:? '!:ss:-.+--: 

l h e  National Aeror.auticr and S?X+ As=xnfsrra:ion 

?he basic drsigx frarures  of the NO 
syrtems tbat were lorally covered wiih water hyacfnths 
are consolidated in Table 1 (1.2). These uystems were 
monitored to determine the additional treaLwnt that 
could be conrributed to the uater hyacinth. 
noted here chat uhen rhe wafer hyacinth was introduced 
into these E Y S ~ ~ Z D S  a mixture of several species of duck- 
vred and water pennyuort w c r e  also introduced. In the 
winrcr time, these cold tolerant plantr became establlah- 
ed. huwever when warm veathcr returned in the sprins. 
rhere plants yielded to the highly prolific w a t e r  
hyacinth. 

one cell l a  oon 

'It must bL 

BOD5 
Diacharge Loadins 

Lagoon Surface Flov Ut: Rat* 
Are.,& m'Jday kglhalday 4o_C_%~LO!! -.. - 

Lucedslc, 135 3.6 935 64 
NSTL Lagoon I1 1.0 475 26 

A s  seen in Table 2. the warer hyacinth upgraded the 
effluent w a t e r  quality in the systems to meet a maximum 
5-day biochemical oxygen demand (BODS) and total surpend- 
ed aolids (TSS) requirement of 30 mg/l each. Due to the 
reaulrs  of thia recearch endeavor. NASA a t  NSTL adapted 
rhia rechnique t o  upgrade a11 of Its domestic wastewater 
ryscems at NSTL. There are three systems a t  NSTL which 
daily receive a total of 759 mf of domestic wastewater .  

TABLE 2. HFAN WATER QUhLITY OF THE NASA 
W Y L R M N T A L  SYSTEHS BEFORE AND 
THE ADDlTlON OF WATER HYACINTHS.IU;'?EE' 

UlTHOUT 
Wa L e i H y a X n  ths 

UIm 
Ua re r-c in rha 

tsgoon 
Location 

Lucedale, HS 161 23 125 6 127 52 140 77 

NSTL tagoon I1 110 5 97 10 91 17 70 49 

treatment of NSTL'a chrdcal waarewairra (6). A new aym- 
tern in a rig zag configuration was constructed vith the 
folloving dimensions: surface area. 0.22 ha: length. 
332 m; yidth, 6.4 m; maximm depth 
1.041 m . T h e u m a l  received 95 m'/&y of water contam- 
inated with hotographic and chemical wastewater. Table 
3 conta ins  tRe average water quality of the syatem during 
i r s  firet year of operation. Thir s stem is still cffec- 
tively operating t o  date with a sligitly laxcreased 
influent flow rate of 114 ='/day. 

This technique was a l so  applied successfully to the 

0.78 m. rota1 volume., 

TABLE 3.  E A N  WATER QUALITY OF NSTL CHRi7.W 
WASTE SYSTEM DURING FIRST YEAR OF 
OPERATION. 6 

BOD5 . 113 3 

COD 384 42 

.roc 71 11 

ms 605 283 

TSS 8 11 

The cost effectiveness. efficiency, and envfron- 
wencal advancages of using aquacic plants for treacing 
wasceuaters at NSTL during the part several years has 
resulted in conrinuour support by NASA in seeking other 
beneficial uses of hagher plmta. Current studies at 
NSTL are directed toward derermining the de ree of 
nutrient recycling chat can be achieved folfming the 
anaerobic dleertion of plant biomass LO produce methane. 
The degree in which olneral rerldue from energy produc- 
tion can be reused as fertilizer is imporrant in reduc- 
ing the cost of energy fares. The poLenrial for cop- 
bining W ~ L L C  treacwnt and energy produccion sycrema 
wnere nurrlents from both sewage and anaerobic di esters 
are recycled through plant biomasa is demnsrrare~ In 
the folloving producrivity and plant conversion d a b .  

Projected Prodoctivities of Candidate Plant Speclea 

The prlrary candldate for aquattt energy farming 
and w a s t e  trea:mtnt In the sub-cropical Unirrd Stares 
1s. of course. the w a t e r  hyacinth. The vrtland p l M r  
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species resently srudlcd b NASA uhich has a hi h 
yotrnriaf productivity i a  tbe cmttail (T haceaef. 
Boyd (7) measured naxlmum cattail (T 
growth rate.  of 52.6 g dry w c i g h t / m ~ . ~ t % d  
Anderson ( 0 )  found that the cattail coufd produce 
approximate17 40 g dry veightlm'lday durin 
of maximum production. 
dar was used in Table 4 to determine the projected 
annual productivity of the cattail in'aourh Ulssissippi 
during a n o r m 1  groving season. 
and annual productivitiea of these tw p l a t  species are 

,compared in Table 4. 
cultivated fn a controlled manner with regular ferti- 

llzarion and o cimrl harvesting rates. annual productivl- 
tles of 154 (9p  and 97 tlha. respcctivcly, are projected 
bbred on at Icaet  a seven w n t h  growing neaion. Annual 
projrcted produccivitles exceeding 100 tlha ace not m- 
rcallrric for plants cultivaced under ideal conditions 
to achieve constant maximum biomass production. Projcc- 
r i o n r  of this magnitu'de have been cited by other authors 
for a variety of plant. such as  chlorella. sugar cane. 
sorghum. and v4ter hyacinth (10.11.12). 

ha-1.) 

cbe period 
An average value of 46.3 g l d f  

Projected mean daily 

When water hyacinth and cactail 

TAE-EA. HEMI DAILY PRODUCTIVITY AND PROJECTED 
POTENTUL ANNUAL PRODUCTIVITIES 

Uean Productivity. t(dry i e i  ht /ha 

Tota?*1atile ' Tot%?l7oIatile 
l i omrsa  Solid. Blomaaa Solid. 

U i  

- ~ - _ _ _  Plant __ 
0.71 0.60 154 8 131 Water 

hyacinth 

Cattall* 0.46 0.40 97 84 

* Rased on a 7-mnth growth pert06 I n  a-..th 
xiSsI..ippi 

* Aerial portion only 

l iog.s  Production 

as a subscrate for anaerobic fermentation to produce 
biogas containing approximately 60% methane by volume. 
NASA has been usin "anaerobic filter" technique 
to produce bio aa  %" an new average of three vecka (13). 
The anaerobic f i l t e r  provides a large amface area for 
permanent microbial attachment. maineaina an anaerobic 
bacterial poplrlation in a separate vessel to minbire 
oxygen contact. and rcducca the lag time and total fer- 
mentation time for methane generation. The efficienc of 
the filter improvra uith age until maturation is reaeeed. 
h e n  the mixed microbial populition attains M optimal 
balancr as demonatrated In Figure 1. Example b t a  of 
batch biodigestiona with and vithwt a mature anaerobic 
filter can be compared in Table 5. Baaed on the data 
presented in Table 5 
dry weight (3.4 cu.fi./lb) waa produced in three weka. 
In batch fermentationm without the *Id of M anaerobic 
filter. the batch dlgestion tire for freah plant matcrf.1 ' 
la four to five time. greater. 

The plait material used fn the atudlca compared Lo 
Table 5 .a w e l l  as cattail biomass f i t  the general rc- 
quirements for good potential aubatratr material for 
anaerobic digestion as ihoun fn Table 6. These general 
requirements include high volatile aolfda. high content 
of carbonaceoum constituents eapeciall fat. protein. 
su arm and lipids followed by hemicel!ulo.e and laatly 
ccflul~se. low lignin content. m d  a carbon to nitro&m 
ratio 5 30: l .  

- 
The biomass produced on energy farms can be used 

a m a n  methane volume of 0.21 mllJu 

TABLE 5. BATCH FERUENTATIONS WITH AND WITHOUT 
ANAEROBIC FILTER (AF) AT 36.C. 
LA11 gas volumea corrected to 20.C. and 
a11 m i r s e a  reported on a dry m i g h t  
basia. 113.14 

#- 

Total blogas. 
0.356 

FL$b 5.71 

Total methane. 
m ' l k  0.198 
IC 'lfb 3.17 

Overall 1 56 
me c hanc 

Dl gc at lor. 22 
Clnr, day 

VH - uaLer hyaclnth 
DU - duckweed 
LZ - budzu 

0.381 0.366 0.245 
6.11 5.93 3.93 

0.215 0.214 0.169 
3.45 3.47 2.71 

56 59 69 

21 21 103 

TABLE 6. W O R  CONSTITUENTS OF P!.f$NJ3BIOHASS SUITABLE 
FOR ANAEROBIC DIGESTION 

Content. X Ihy Weight 
Water 

hyacfnth Cattail* Duckveed Kudzu* Constituent ___- 
Volatile solid. 

Fat 

Fiber 

Crude protein 

Cellulose 

Bemicelluloac 

Llgnkr 

Carbon 

Nitrogen 

c:n 

08.9 

1.59 

18.6 

-14.7 

21.5 

33.9 

6.01 

39.9 

2.35 

17:l 

86.6 

3.12 

26.3 

18.4 

26.2 

40.4 

i.97 

50.1 

2.95 

17:l 

87.5 

3.40 

15.6 

37.0 

10.0 

21.7 

2.72 

43.7 

, 5.92 

7:l 

91.8 

2.11 

31.3 

16.3 

26.2 

20.8 

10.5 

43.1 

2.61 

17:l 

'Aerial portion only 

Nutrient RecyclinE 

During anaerobic fe'i-mcntation. gaseous products are 
evolved. Uethane and carbon dioxide are the main compo- 
nenta of biogaa with 1-11 anowits of nitrogen. hydrogen 
8ulfide. and hydrogen. Uaing thc information in the pre- 
vious section and assuming that x11y fnri@ficmt 
volumea of gases other than carbon dioxide are lost.  rhea 
40Z of the initial aubstrare =J'S is lost in the 
state. and the remaining min..r*: 
factor of 1.7. The organic icrr:&irer chat rruina I8 
completely stabilized and rerdj :ur Irpedfate reuae. 
The sua11  anounts of nitrogen and aulfur Khat are loat 
are rcplrnlshcd by the uaateuater if rhe system serves 
A dual purpose for w a a t e  treatment and bloc.iss produc- 
tion. o t h e w l s r a  mall. supnlrrrncnl addlrion of 
conxrclsl ferrilirer nay be'nrcrkrary. 
nltrogen supplemental sources are ;r-..- 
atnospheric nitroern. Onc petc.:t .1 c 
this purpose is the +udzu vi?& 

are concentrater;r 

Other 3ossible 

---:.- '-:A) which 
is noted for Lea hardiness 3-2 !.A,. . -:..::V A S  W e l l  
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I'r o_rc.c: 1o"L 

tdrrd on the projrcted productivitier of the uarer 
hyacinth and cattail. one hectare of each plant species 
could yrnr rate eriou&h biomass annually LO produce 32.300 
and 20..iOU m' methane. respectively. Thc hcat content 
of the energy produced per hectare uould be 1.24 x 10' 
W for the w a t e r  hyacinth syrtcw and 0.19 x IO' MJ for 
the cattail SysLem. HeKric-cngllsh conversfons arr 
%how in Table 1 .  

TABLE 2 ChERCY PRODUCTlUN POTENTIAL 05 blA&ZR 
HYACINTH AND CATTAIL 

Het hanc h e r =  Content -, - - __ - _- - - - 
Plant m fha/yr scflaclvr UJlhafyr ~ U l a c t y r  

water hyacinth 32.300 L62.000 1.24X10'  476x10' 

C a t  tail 20.400 292.000 0.79X10' 30lX10' 

One must note at this point that these energy pro- 
duction valuer are "gross" and not '*net'* values. Can- 
didate plants from each of the three categories - 
JqUatiC. wetland. and terrestrial - must be considered 
in order t o  evaluate each reapecctve plant's ease o'f 
malnt enmce. fer ti 1 I zat ion. harvesting. collection, and 
transportatlon. Although the 6'05s productivity and 
consequently gross energy production ma 
high. rhe net energy production may be lower than anorher. 
plant species due to the energy input requirement.. 

be extremely 

Figure 2 shows an artist concept of A comprehenstve 
energy system Alcohol Is a l s o  an integral parr of this 
biomass conversion concept 
anaeiobrc digesters uould be partially dewatered and the 
minera l  rich liquids returned A S  plan1 fertilizer. 
Follourng pretrratmcnr. the undxgertcd cellulose would 
bt fed into A fermenting vat contsining cellulmse enzyme 
aud brrverr east. The cellulose i8 first converted Co 
sugar. and tgen K O  aIcoho1 (15). The alcohol would be 
distilled by using energy from the solar hot water ayrtem 
and supplemental heat, if needed. from merhanr. 

The residual sludge in the 

METHANE.ETHANOL ENERGY CONVERSION SYSTEM 
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